A fluorescent dye, 2,5-bis(6-amine-benzoxazol-2-yl)thiophene (BBTA), was synthesized by a two-step reaction from starting material 2,5-bis(benzoxazol-2-yl)thiophene (BBT). BBTA exhibited strong emission and large Stokes shift in solvent, and the largest Stokes shift (Dl ¼ 186 nm or Dn ¼ 8572 cm
Introduction
Development of uorescent organic dyes with large Stokes shi and high photo-stability is essential for biological applications. [1] [2] [3] Advances in uorescent organic dyes with large Stokes shi (typically over 80 nm) can minimize cross-talk between the excitation source and the uorescent emission for cellular imaging with high signal-to-noise ratio. [4] [5] [6] On the other hand, uorescent dyes with high photo-stability are benecial to noninvasive long-term cellular imaging, which is of great signicance for investigating biological processes, pathological pathways, and therapeutic effects over long time spans.
7-9
Typical uorophore dyes such as uorescein dyes, 10 rhodamine dyes, 11 cyanine dyes [12] [13] [14] [15] [16] [17] nile red dyes, 18 and BODIPY dyes 19, 20 exhibit small Stokes shis (Dl # 70 nm) (Table 1) , [21] [22] [23] which can reabsorb emitted photons leading to undesired background interferences. To address this issue, great effects have been dedicated and a number of noted uorophore dyes with large Stokes shi (Dl $ 80 nm) have been developed.
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However, some problems are encountered with them containing complicated structures, multi-steps reaction, and low yields. Photostability is another important parameter in evaluating the practical application of uorescent dyes for bioimaging, and a high photostability is desirable when a uorescent dye is used for bioimaging, especially for long-term illumination due to investigating biological processes. 29, 30 For most small organic uorescent dyes, poor photostability is their common character. To enhance the photostability of organic uorophores, nanotechnology such as conjugated nanoparticles, 31,32 doped in silica nanoparticles 33, 34 or gold nanoparticles, 35, 36 and doped to polymer nanoparticles [37] [38] [39] is employed. In generally, nanoparticles with organic polymers or inorganic matrix can provide the encapsulated or doped dye molecules with better photostability, but some disadvantages such as complicated synthesis, easy micelle dissociation, and limited surface functionalization are contained. Therefore, direct structural modication or molecular engineering of uorophores continues to be an active research area, and some elegant organic uorophores with high photostability have been reported. [40] [41] [42] [43] [44] Benzoxazoles are one of the most important class of heterocyclic compounds, not only as key structural units of compounds with interesting biological activities [45] [46] [47] but also in the eld of materials chemistry. [48] [49] [50] In particular, 2,5-bis(benzoxazol-2-yl) thiophene (BBT) (trade name: Uviter EBF, CAS no. 2866-43-5) Rhodamine 123  502  528  26  981  Rhodamine 6G  528  552  24  823  Rhodamine Green™  494  520  26  1012  Cy2  493  506  13  521  Cy3 (ref. 21)  550  570  20  638  Cy5 (ref. 22)  650  670  20  459  Nile red  580  650  70  1856  BODIPY 493  494  504  10  401  BODIPY 505  502  512  10  389  Mito-Tracker Green™ 490  516  26  1028  Mito-Tracker Red™  579  599  20  577 (chemical structure see Scheme 2) and its derivatives are wellknown uorescent dyes used as whitening agents 51, 52 and various optoelectronic applications [53] [54] [55] due to strong emission and high photo-stability. Herein, a new derivative 2,5-bis(6-amine-benzoxazol-2-yl)thiophene (BBTA) 56 (Scheme 1) has been synthesized by a two-step reaction starting from BBT (synthetic route see Scheme 2) . BBTA exhibits very large Stokes shi and excellent photo-stability in buffer solution (with 5% of mPEG 550 as cosolvent) which is benecial to biological imaging. Using HeLa cells as prototype, BBTA can be clearly expressed in mitochondria with high contrast.
Experimental
Synthesis (a) To a solution of 2,5-bis(benzoxazol-2-yl)thiophene (BBT, 57 3.18 g, 10 mmol) in conc. H 2 SO 4 (98%, 20 mL) was dropwise added the mixture of HNO 3 (65%) and H 2 SO 4 (98%) (1 : 1, v/v, 1.3 mL) at 0 C. The mixture was stirred at 0 C for 1 h, and then slowly poured into ice water (30 mL). The cold mixture solution was stirred slowly at ambient temperature until yellow precipitate was produced completely. The yellow product was ltered off, washed with water (3 Â 30 mL), and dried under vacuum. The crude product (2,5-bis(6-nitrobenzoxazol-2-yl) thiophene) was obtained in yield of 95% and used for the next step without further purication. (b) To the solution of 2,5-bis(6-nitrobenzoxazol-2-yl)thiophene (1.02 g, 2.5 mmol) in EtOH (20 mL) was added SnCl 2 $2H 2 O (5.6 g, 25 mmol). The mixture was reuxed till the starting material was disappeared checked by TLC (R f ¼ 0.51, eluent: PE/EtOAc ¼ 2 : 1, v/v). Aer cooled to ambient temperature, the mixture solution was then slowly poured into water (200 mL), extracted with CH 2 Cl 2 (5 Â 30 mL). The combined organic solution was dried over anhydrous Na 2 SO 4 , aer evaporation of the solvent, the crude product was puried by ash column chromatography (PE/EtOAc and 1% penicillin-streptomycin) at 37 C under a humidied atmosphere containing 5% CO 2 for 24 h. The cells were seeded on a Ø 35 mm glass-bottomed dish (NEST) for live-cell imaging by confocal laser scanning microscopy (CLSM). The HeLa cells were treated with 1 mM of BBTA in 2 mL of serum free medium for 2 h and imaged by CLSM without removing the molecule in the cell medium. Confocal uorescence imaging was performed with Nikon multiphoton microscopy (A1R MP) with a 60Â oilimmersion objective lens and living cell work station. The cellular images were taken under a CLSM by using the excitation channel at 488 nm.
Toxicity test
Toxicity test of HeLa cells incubated with BBTA is carried out as follows: (a) HeLa cells were incubated with 1 mM of BBTA for 2 h, aer washed up 3 times with phosphate buffered saline (PBS), 1 mL of fresh PBS was added. (b) To the incubated HeLa cells in PBS was added propidium iodide (PI) probe, aer incubation for 10 min, the HeLa cells with BBTA and PI probe were washed up with PBS for three times, 500 mL of fresh PBS was then added.
(c) The sample was observed by Nikon A1R confocal uores-cence microscope with excitation wavelength of 488 nm and 561 nm, respectively, and the range of collected uorescence is 500-560 nm and 570-620 nm, respectively. (d) The number of dead cells (red) and the whole number of cells were counted from the obtained images. Around 200 cells were counted, and the ratio of living cells (viability, %) was calculated. The viability of the cells without incubation of BBTA was also checked by PI under the same experimental condition. The viability (%) of stained cells is calculated by relation to that of unstained cells in which the viability of unstained cells is set to 100%.
Material and methods
1 H and 13 C NMR spectra are recorded at 400 and 100 MHz, respectively, with TMS as an internal reference. HRMS spectra are recorded with MS spectrometer (Waters, GCT Premier). UV absorption spectra and uorescence spectra are measured with an absorption spectrophotometer (Hitachi U-3010) and a uo-rescence spectrophotometer (F-2500), respectively. All experiments are carried out with commercially available reagents and solvents, and used without further purication, unless otherwise noted.
Results and discussion
BBTA was obtained by a two-step reaction starting from BBT, which was nitried rst and reduced followed (Scheme 2). Treatment BBT with nitric acid (65%, wt%) in conc. H 2 SO 4 (98%, wt%) at 0 C provided crude product 2,5-bis(6-nitrobenzoxazol-2-yl)thiophene in yield of 95%. The crude 2,5-bis(6-nitrobenzoxazol-2-yl)thiophene was then reduced by SnCl 2 $2H 2 O in ethanol at 80 C to yield target compound 2,5-bis(6-amine-benzoxazol-2-yl)thiophene BBTA in 80% isolated yield. The details of procedure and the structure characterization of BBTA see Experimental section. Both absorption and uorescence of BBTA in different organic solvents were measured. As shown in Table 2 , the uorescence of BBTA depended on both polarity and proticity of solvents. In apolar solvent (toluene) or small polar solvent (DCM), BBTA showed a green emission with the maximum emission around at 500 nm, but in polar solvent (DMSO) or protic solvent (EtOH), an orange emission (558 nm for DMSO, 550 nm for EtOH) was obtained. The large bathochromic shis of BBTA with polarity or proticity of solvents suggested that BBTA in the excited stated exhibited large polarity, which resulted in more affected by polar solvents or protic solvents. Besides, signicant uorescence quenching was also obtained in large polar solvents or protic solvents, as shown in Table 2 , the uorescence quantum yield (F f ) was decreased from 0.99 in toluene to 0.33 in DMSO or 0.32 in EtOH, which probably resulted from the narrowing of the singlet-triplet energy gap in large polar solvents, and favoured internal conversion 58 or intersystem crossing to the triplet state. was prepared and diluted with PBS to 10 mM. It was found that the absorption of BBTA appeared at l max ¼ 405 nm in PBS solution, which is similar to that in organic solvents. Besides, both absorption and excitation spectral in PBS-mPEG 550 (95 : 5, v/v) almost overlapped ( Fig. 1) , which also indicated that the aggregation was formed in ground state. Upon excitation with 405 nm light, an orange uorescence (l em ¼ 568 nm) was observed, and a moderate uorescence quantum yield (F f ¼ 0.11) was obtained by using uorescein (F f ¼ 0.95, 0.1 M NaOH) as reference. As shown in Fig. 1 , the overlap between the absorption and uorescence spectral was very small, and a very large Stokes shi (Dl ¼ 186 nm, or Dn ¼ 8572 cm À1 ) was obtained as compared to that of typical commercial uorescent dyes ( Table 1) . The large Stokes shi is benecial to practical application since it can reduce self-quenching that is resulting from molecular self-absorption. BBTA applied to uorescence imaging in living cells was explored. HeLa living cells were incubated with BBTA (1.0 mM) in PBS solution (with 5% of mPEG 550 ) for 2 h, and the images of the live cells were taken by using a confocal laser scanning microscope (CLSM). Upon excitation with 488 nm and recorded at channel (500-550 nm), HeLa cells incubated with BBTA showed uorescence signal, as shown in Fig. 2 , the uorescence images indicated that BBTA was clearly expressed in HeLa cells. It is worth noting that an enhanced uorescence was observed when BBTA combined with HeLa living cells, as a consequence, HeLa cells incubated with BBTA could be directly used for microscopic images without washing up by phosphate-buffered saline (PBS). As presented in Fig. 2 , no signicant background interference was detected when the incubated HeLa cells was used for microscopic images without washing up.
To determine the cellular localization of BBTA, the co-localization experiment with Mito Tracker Deep Red was performed. HeLa cells were incubated with 1.0 mM of BBTA for 2 h, followed by incubation with 25 nM of Mito Tracker Deep Red for 20 min. Both 488 nm and 640 nm excitation wavelength were employed for BBTA and Mito Tracker Deep Red, respectively, and the uorescence was recorded at channel (500-550 nm) and (670-720 nm), respectively. As presented in Fig. 3 , the image with the probe is in good agreement with that of the commercial Mito Tracker Deep Red, and the overlaid confocal uorescence images of both BBTA and Mito Tracker Deep Red demonstrated that BBTA was expressed in mitochondria.
Discrimination against background uorescence of HeLa cells was also conducted. Both uorescence imaging from incubated HeLa cells with BBTA (1.0 mM) and from background uorescence imaging were obtained by using a confocal laser scanning microscope. As is demonstrated in Fig. 4 , with excitation at 488 nm and recorded at channel (500-550 nm), both HeLa cells with and without incubation with BBTA showed uorescence signal, the auto-uorescence of HeLa cells showed, however, much weaker than that of incubated HeLa cells, and a high contrast in uorescence imaging was obtained. As shown in Fig. 4 , the auto-uorescence signal was hardly identied aer the HeLa cells were incubated with BBTA.
Both pH-sensitivity and photo-stability are important features of a probe used for biological applications. pH-Sensitivity of BBTA was performed in H 2 O-mPEG 550 (95 : 5, v/v) solution by adjusting with HCl or NaOH aqueous solution, respectively. As displayed in Fig. 5 , no distinct uorescence quenching was observed at emission peak (detection at l em ¼ 568 nm) with different pH range from 2 to 10. Besides, it was also found that no obvious change in both absorption spectral (wavelength and optical density) and emission wavelength was detected when the pH of the solution changed from 2 to 10, which demonstrated that BBTA is stable in aqueous solution over a wide pH range, and benecial for potential bioimaging application in physiological environments.
The photo-stability of BBTA was investigated in both PBSmPEG 550 (95 : 5, v/v) aqueous solution and living cells, respectively. Fig. 6 represented the absorption changes of BBTA in PBS-mPEG 330 (95 : 5, v/v) aqueous solution as a function of irradiating time with 365 nm light (power: 36 W, energy: 3.7 mW cm À2 ). It was found that no signicant change in optical density at l max ¼ 382 nm was detected when the BBTA solution was irradiated for 60 min, as shown in Fig. 6 , less than 0.1% of degradation was detected (calculation by the change in optical density). To compare the photostability, a commercial uores-cent organic dye rhodamine B was employed for control experiment. As shown in Fig. 6 (inset) more than 30% degradation was obtained upon irradiation of rhodamine B in PBSmPEG 550 (95 : 5, v/v) solution for 60 min. This suggested that the BBTA showed excellent photo-degradation resistance. Meanwhile, no signicant change in uorescence intensity was observed when the solution was irradiated for 60 min under 365 nm light. The photo-stability of BBTA in living cells was explored by continuous laser exposure using confocal laser scanning microscopy. Aer scanning for 10 min, no signicant change in the CLSM images was obtained (Fig. 7) , which indicated that BBTA exhibits high photo-stability for bioimaging.
The high photo-stability of BBTA probably results from oxygen depletion. It is known that the rate of triplet state quenching by molecular oxygen is faster than the formation of radical states in the absence of high concentrations of oxidants or reductants. The uorescence of BBTA in PBS was much smaller than that in organic solvents such as toluene or CH 2 Cl 2 . The major competitive uorescence quenching pathway of 2,5-bis(benzoxazol-2-yl)thiophene unit was demonstrated 60 by intersystem crossing to the triplet state. Oxygen consumption by triplet state may benet to photostability of BBTA.
Toxicity is an important factor to evaluate the application possibility of uorescence dyes. To test the cytotoxicity of BBTA, propidium iodide (PI, Invitrogen, P3566), which is widely used in the toxicity study for identifying dead cells in a population, was employed as the probe for the detection of dead cells of HeLa. The HeLa cells incubated with BBTA and PI probe were excited by 488 nm and 561 nm, respectively, and observed by Nikon A1R confocal uorescence microscope with the uorescence recorded at channel (500-550 nm) and (570-620 nm), respectively. The number of dead cells and the whole number of cells were counted from the obtained images, and the viability (%) (the ratio of living cells) was calculated by the comparison of the number of living cells with that of the dead cells. As shown in Fig. 8 , more than 98% of viability was obtained when the HeLa cells were incubated with BBTA (1.0 mM) within 2 h. The preliminary result indicated that BBTA showed low cytotoxicity at the concentration used for cell imaging.
Conclusions
In summary, a new uorescent organic dye based on 2,5-bis(benzoxazol-2-yl)thiophene derivative has been developed and its application to living cells imaging has been demonstrated. The uorescence dye has some distinct advantages including facile preparation, high yield, large Stokes shi and excellent photo-stability, which benets the biological uores-cence imaging. 
